We model the electrical behavior of organic light-emitting diodes whose emissive multilayer is formed by blends of an electron transporting material, tris-͑8-hydroxyquinoline͒ aluminum (Alq 3 ) and a hole transporting material, N, The multilayer is composed of layers of different concentration. The Alq 3 concentration gradually decreases from the cathode to the anode. We demonstrate that these graded devices have higher efficiency and operate at lower applied voltages than devices whose emissive layer is made of nominally homogeneous blends. Our results show an important advantage of graded devices, namely, the low values of the recombination rate distribution near the cathode and the anode, so that electrode quenching is expected to be significantly suppressed in these devices.
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I. INTRODUCTION
Since the reports on organic light-emitting diodes, 1,2 much has been done to improve device efficiency and brightness, to reduce operation voltage, and to increase lifetime. A limitation commonly imposed by organic electroluminescent materials is that positive charge carriers have higher mobility than negative ones. 3, 4 Additionally, it is not easy to obtain n-doped organic semiconductors, 5 and the energy barriers created by offsets between the metal cathode work function and the organic semiconductor lowest unoccupied molecular orbital ͑LUMO͒ inhibit negative charge injection. Under such conditions organic light-emitting devices tend to form electron-hole pairs predominantly in the cathode neighborhood. [6] [7] [8] [9] Light emission in the cathode neighborhood is suppressed due to quenching losses at the metal layer, being a crucial aspect for the overall device efficiency. 10 Multilayer structures consisting of separate electron and hole transporting layers permit improvement in charge injection, transport and recombination.
2,11 Blends of electron transport materials ͑ETMs͒ and hole transport materials ͑HTMs͒ were also used with the same intent. [12] [13] [14] Along this line, graded emissive region devices achieved still better quantum efficiency, power efficiency and brightness than devices based on blends or bilayers. 15 For the systems reported in Ref. 15 , the emissive region is made of several layers, each one with a different relative concentration of ETM and HTM that compose the blend, respectively, tris-͑8-hydroxyquinoline͒ aluminum (Alq 3 ) and N,NЈ-diphenyl-N,NЈ-bis͑1,1Ј-biphenyl͒-4,4-diamine ͑NPB͒. The concentration of NPB grows stepwise from the cathode to the anode, the opposite occurring with Alq 3 .
Our aim in this article is to present a simple model to explain the electrical behavior of the emissive region of graded multilayer organic light-emitting diodes like those of Ref. 15 and to investigate the conditions that improve their efficiency.
II. THE MODEL

A. Single layer devices
Based on a previous work, 16 the authors in Ref. 17 discuss a model to describe bipolar current in single layer organic diodes, assuming that: ͑i͒ the mechanism of charge recombination is of Langevin type; ͑ii͒ the contribution of the diffusion current is small; ͑iii͒ the deep traps for both carriers can be neglected; and ͑iv͒ the mobilities of electrons and holes are field independent. The model leads to analytical expressions for the electric field and the charge densities that depend on the fraction of the total current density J carried by the electrons at both the cathode and the anode. It allows a fairly good description of the device without knowing the exact physical process responsible for the charge injection at the interfaces, provided that the current fractions are known. Next, we outline some of the main ideas and results in Ref. 17 , which will be necessary to the understanding of our model.
The total current flowing through the device is written as JϭJ n ϩJ p , with J n ϭe n NF and J p ϭe p PF. Here F is the electric field, P is the positive and N the negative charge a͒ Author to whom correspondence should be addressed; electronic mail: iah@fisica.ufpr.br carrier densities, e is the electron charge, and n and p are the electron and hole mobilities, respectively. J n , J p , N, P, and F are all functions of the position X, that runs from 0 at the cathode to L at the anode.
The device electrical behavior at steady state operation is governed by
The first equation describes electron-hole recombination while the second is the Poisson equation. The Langevin recombination coefficient is given by ␥ϭe( n ϩ p )/⑀⑀ 0 ϭ2e 0 /⑀⑀ 0 , were ⑀ is the dielectric constant of the organic material, ⑀ 0 is the permittivity of vacuum, and 0 is the average of the electron and hole mobilities. It is convenient to introduce a set of dimensionless vari-
Defining B c ϭB(0) and B a ϭB(L) and using the following relation ͑with 2 F 1 the hypergeometric function͒:
with a(x) given by
From a(x) and B(x) one obtains F(x), J n , and J p . The densities N(x) and P(x) follow from Eq. ͑1͒. The expression relating the total current with the voltage drop across the whole single layer is obtained by integrating the electric field in the position variable and taking into account the built-in potential V bi due to the different cathode and anode work functions. So, we have
The dependence of J on (VϪV bi ) 2 /L 3 is typical of space charge limited currents.
In Ref. 17 it is discussed how the device radiance is related to B c ϪB a . In principle, the boundary conditions B c and B a could be obtained from such experimental measurements.
B. Multilayer devices
To extend the model described above to multilayer devices, we need to apply for each single layer the same basic equations of Sec. II A and introduce adequate matching conditions at the interfaces. In principle, quantities like the electric field or the electron density at the internal interfaces separating the layers could be infered from a detailed microscopic description of the injection mechanisms across such interfaces, but this is difficult to do. However, for graded devices such boundary conditions can be determined in a simple way, as we discuss next. A graded device has a multilayered structure where the concentration of the two materials has a different value in each layer. From the gradual variation of the concentrations we expect that the LUMO and highest occupied molecular orbital ͑HOMO͒ do not change considerably from layer to layer. The charge transport occurs via electrons that are injected to LUMO states and holes injected to HOMO states. If the LUMO and HOMO do not vary drastically along the device, we do not expect a strong accumulation of interfacial charge as observed when a gap exists between the LUMO or HOMO of different layers, 19 which would result in abrupt changes in the electric field at the interfaces. 20, 21 Furthermore, if the van der Waals coupling between the molecules of the two materials is weak, their respective molecular orbitals remain basically unchanged. So, the electrons hop through the LUMO of one material and the holes through the HOMO of the other material until they recombine. In this case there is no heterojunction inside the recombination zone. These are then the plausible assumptions we make in our model. Finally, the parameter values that can change in the different layers are the electron and hole mobilities and the dielectric constants.
From the previous considerations, we require continuity of both the fraction of the current carried out by electrons, B, and the electric displacement vector D across any interface. The first is just a consequence of the steady state condition. The second results from neglecting any interfacial charge accumulation.
For simplicity, let us first discuss the graded bilayer case shown in Fig. 1 . In terms of the electric field ͑to be more accurate, the component normal to the interface͒ and the dielectric constant, we have ⑀
(1) F 12 ϭ⑀ (2) F 21 , which will play the role of a matching condition. The subscript i j means that the quantity is considered within the layer i immediately before the interface between the layers i and j. We have to solve the system of Eqs. ͑2͒ and ͑3͒ in both layers and need the quantities B a , B 12 , B 21 , and B c . In principle, B c is known at the interface with the cathode and B a at the interface with the anode ͑Fig. 1͒. Since the injection current is continuous, B 12 ϭB 21 . From Eq. ͑6͒, ⑀
(
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,
.
͑9͒
The problem is then solved by substituting B a and B c by B 12 ͓obtained from Eq. ͑8͔͒ into the corresponding integrals of Sec. II A. For a multilayer device ͑Fig. 2͒ we repeat the above procedure for every pair of layers. For N layers the device has NϪ1 internal interfaces and we have to solve NϪ1 equations like Eq. ͑8͒, simultaneously. The current-voltage characteristics are given by (B 01 ϭB c and B NNϩ1 ϭB a )
͑10͒
The above integral can be solved analytically.
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C. Pure HTM and ETM layers
The limits of integration of all integrals in the previous section are the values of the Bs at the interfaces. If one of such limits is either close to 1 ͑and n ϳ2) or close to 0 ͑and n ϳ0), then the resulting expressions become very sensitive to the system parameters ͑see Ref. 17 for more detail͒. The first ͑second͒ condition takes place when in the first ͑last͒ layer B c ϳ1 (B a ϳ0) and the electron ͑hole͒ mobility exceeds the hole ͑electron͒ mobility by more than 2 orders of magnitude.
For graded systems there is a variation in the concentration, rϭ͓HTM͔/(͓ETM͔ϩ͓HTM͔), 22 ranging from smaller values ͑for the layers close to the cathode͒ to larger values ͑for the layers close to the anode͒. If for any layer in the multilayer device r is not too close to 1 or 0, then we can apply our model without any restriction. In some real applications, 15 however, the layers next to the cathode and to the anode may be composed of pure ETM and HTM, respectively. At such outmost layers we expect the values of B c and B a to be very close to 1 and 0. Furthermore, n ϳ2 in the region where B c is only slightly smaller than 1 and n ϳ0 where B a is slightly above 0. On the other hand, the remaining NϪ2 internal layers are made of a blend of HTM and ETM and consequently the values of n and p are typically of the same order of magnitude.
One of the purposes of the present model is to compare different graded devices, searching for the concentration profiles that optimizes the device performance under the reasonable assumption that B c and B a do not change appreciably around such a condition. The role of the first and last layers is mainly linked to carriers injection, while the power consumption and light emission will be determined essentially by the properties of the graded region. So, we can overcome the technical problem mentioned above by assuming plausible values for B at the interfaces between the first and the second layers and between the (NϪ1)th and Nth layers, thus omitting from the calculations the two outmost layers. An appropriate choice for these quantities can be made by observing that the electron-hole recombination should occur almost exclusively in the graded region. As a consequence, in the layer attached to the cathode the injected electrons have a small recombination rate and B 12 will be only slightly smaller than B c . The same applies to the holes injected in the Nth layer, and consequently, B NϪ1N is only slightly larger than B a . We will take B 12 ϭ0.98 and B NϪ1N ϭ0.02 in our simulations in Sec. III. We observe that to assume the Bs in the range 0.97ϽB 12 Ͻ0.99 and 0.01ϽB NϪ1N Ͻ0.03 does not change qualitatively our results and conclusions.
III. RESULTS
Here, we will concentrate on the investigation of the concentration profiles that minimizes the V/J 1/2 relation, looking for the graded parameters which lead to the best device performance.
A. The mobilities in a mixed single layer
The first step is to know how the effective mobilities n and p depend on r. Results in the literature for some materials and mixing methods 23 
B. Parameters values
In order to compare our results with the experimental data in Ref. 15 , we use typical parameters values for Alq 3 and NPB as our ETM and HTM, respectively. For Alq 3 both the electron and the hole mobilities were measured. 25 For NPB only the hole mobility is known. 26 For n in Alq 3 and p in NPB the dependence on the electric field is quite weak. The main hole transport material is the NPB, with p (NPB) being 3 orders of magnitude larger than p (Alq 3 ). For the electric fields calculated inside the devices in this work, p in Alq 3 would not vary significantly due to its field dependence. 25 So, it is not a severe approximation to assume here that p (NPB) is independent of F. We use the following values for the mobilities ͑in cm 2 /V s):
In the absence of any measurement for n (NPB), we take its value based solely on the fact that in many organic materials the electron mobility is about 2 orders of magnitude smaller than the hole mobility. We assume ⑀ϭ3.5, the value determined for pure NPB and pure Alq 3 . 19 Finally, we consider in our analysis that the total thickness of the graded region is always 50 nm as in Ref. 15 , with the individual layers having the same size.
C. Simulations
Here we discuss the results for Nϭ7 ͑Fig. 2͒, with the five inner layers forming the graded region as in the real devices of Ref. 15 . For fixed n and nЈ and a given concentration profile ͑represented in the form ͓Alq 3 ͔:͓NPB͔ for each inner layer͒, we obtain the rs and the s for all layers in the graded region, and from Eq. ͑10͒ we calculate V/J 1/2 . The optimization of the JϫV characteristic consists in finding the concentration profile that leads to a V/J 1/2 minimum. For different n and nЈ we show in Table I . In Table II we display the parameters a, b, aЈ, and bЈ for some of these n and nЈ.
As in Ref. 15 , we also compare the performance of graded and mixed devices (Nϭ3, with the middle layer of 50 nm formed by a blend of NPB and Alq 3 ). For a given n, nЈ, and r we determine V/J 1/2 for the mixed device assuming B 12 ϭ0.98 and B 23 ϭ0.02 ͑the values used for the graded case͒. We define r min as the blend concentration for which V/J 1/2 is minimum. Results are displayed in Table I , where ⌬ P shows how much the power consumption in the mixed device is larger than in the graded one for the same total current. It is clear that the graded devices have better performances. The optimization follows a pattern: ⌬ P increases for smaller n and nЈ. We also observe that the smallest absolute value of V/J 1/2 , both in graded and mixed devices, is obtained for nϭnЈϭ2.
Due to the uncertainty in the values of , it is important to investigate how much the minority charge carrier mobilities of pure ETM and HTM influence the concentration profile for maximum efficiency. To do so, we assume nϭnЈ ϭ3/2 and keep all the mobilities as in Eq. ͑12͒, except by either p (Alq 3 ) or n (NPB), whose values we vary within one order of magnitude. We see from the results in Table III that such mobilities considerably influence the optimum profiles. Thus, good measurement of minority charge mobilites are highly desirable.
From Tables I and III we see that for a given set of mobilities parameters, the concentration profile of the optimized graded device is closely related to the values of r min that optimize the mixed device performance: for r min Ͻ0.5 (Ͼ0.5) the concentration profile tends to have a smaller ͑greater͒ concentration of NPB. In the case of r min ϳ0.5, the concentration profile tends to be symmetric (͓NPB͔:͓Alq 3 ͔↔͓Alq 3 ͔:͓NPB͔) around the fourth layer. This behavior was observed for a wide range of parameters values. Our model predicts that V/J 1/2 is relatively stable with respect to small changes in the concentration profile that minimizes it. In Table IV we show V/J 1/2 for five different concentration profiles for the case of nϭnЈϭ3/2 and the mobilities given by Eq. ͑12͒, except for p (Alq 3 ) which we assume to be 2ϫ10
Ϫ7 cm 2 /V s ͑third row of Table III͒ . The point is illustrated by comparing the first four rows with the last row of Table IV .
All the present qualitative predictions agree with results obtained for the graded devices studied in Ref. 15 . In Fig. 3 we display experimental current-voltage characteristics for one mixed and three graded devices. The three concentration profiles are: graded I: 9:1, 7:1, 5:1, 3:1, 1:1; graded II: 9:1, 7:1, 5:2, 1:1, 1:3; and graded III: 5:1, 5:3, 1:1, 3:5, 1:5. In the mixed device, the concentration which leads to the maximum electroluminescent ͑EL͒ efficiency is r min ϭ0.167 (Alq 3 :NPBϭ5:1). It is clear from Fig. 3 that V/J 1/2 is smaller for the graded devices. We also observe that V/J 1/2 is almost the same for the three graded devices, which were chosen in order to optimize the device performance ͑bright-ness and power consumption͒. As the three concentration profiles are similar, one may conclude that V/J 1/2 is not too sensitive to changes in the concentration profiles around the optimum value, in agreement with our previous discussion.
IV. DISCUSSION
We have seen that a graded emissive multilayer implies a 9%-13% decrease in power consumption when compared to the best performance of the mixed case. Besides the electric response, the brightness in such devices is also of fundamental importance. In several cases the brightness ͑B͒ of OLEDS is proportional to the current, with the proportionality constant being the EL efficiency (BϭC eff J). This relation holds for the graded and mixed devices in Ref. 15 for current densities up to 200 mA/cm
2 . An important aspect is that C eff is a function of r. In the graded case we have an EL efficiency for each layer, so that
It is possible to compare ͑for the same applied voltage͒ the brightness of the graded and mixed devices if C eff graded and C eff mixed are known. Our model predicts an interesting relation between r min for mixed devices and the optimized concentration profile for graded devices: the r value for the middle layer as well as the average r for all layers is approximately equal to r min . As a consequence, if C eff has an approximately linear dependence on r, we can assume C eff mixed ϳC eff graded . In this case, we find that the brightness of the graded device will be 20%-30% higher than that of the mixed one. This is compatible with the results for the brightness seen in Fig. 3 and Table I of Ref. 15 .
As explained before, we do not include the pure HTM and ETM layers in our simulations in order to avoid problems due to the numerical sensitivity to the boundary conditions. Even with this simplification, we were able to describe the different features observed in real graded and mixed OLEDs. We have assumed that the fraction of negative carrier current at the interfaces between the external layers and the mixed region were the same as those in the graded case. Nevertheless, we observe that they hardly have the same values. With the present model, the inclusion of the pure layers would cause some difficulty in fitting the experimental data ͑since there are always errors in determining B a and B c ). However, for a qualitative analysis we can include them and set the same particular values of B a and B c in both the graded and mixed devices. We find that, for reasonable values of B c and B a , in the mixed case B 12 (B 23 ) is always smaller ͑larger͒ than 0.98 ͑0.02͒, the values used in the graded case for B 12 and B NϪ1N . Larger B 23 implies a lower electron-hole recombination taking place at the mixed layer. Since we assume that the total emitted light is proportional to the amount of electron-hole recombination in the emissive layers, we can expect a decrease in the total emitted light for the mixed device ͑from 3% to 5%͒, so strengthening our previous conclusion.
Some self-consistency checks can be made. The first is the assumption about the electric field independence of the mobilities and its consequence in analyzing the experimental data. In Fig. 4 we show a typical electric field calculated inside the graded region. For such a variation along the device, the mobilities for NPB and Alq 3 remain basically unchanged according to the recent measurements of Refs. 25 and 26. Some change could be expected for the hole mobility in Alq 3 which, however, would not drastically alter our optimization results. The second is the assumption that most of the electron-hole recombination occurs inside the graded region. To verify this, in Fig. 5 we show the recombination rate, ␥NP, along the five inner layers for the same parameters as in Fig. 4 . It is clear that most of the recombination takes place at the central part of this region, where the values of two carrier mobilities are smaller and closer to each other. This fact represents another important advantage of graded devices: in single layer devices most of the electron-hole pairs are formed near the cathode, whereas light emission is suppressed in this region due to quenching losses at the metal layer, strongly limiting device performance. In graded devices the recombination events are expected to occur mostly in the central region between cathode and anode. Due to our assumptions, the curve of Fig. 5 essentially represents the electron-hole pairs density, indicating that electron-hole pair formation near electrodes is significantly less important than in homogeneous layer devices, making these devices less susceptible to electrode quenching losses. Finally, the third check is the model prediction of a soft variation of r along the layers of the graded region at the optimum condition. For instance, for the case shown in the third row of Table I we have rϭ0. 25,0.33,0.5,0.67,0.75 . Such a result corroborates the assumption of continuity of both the electric displacement and B at the interfaces in the graded region. The variations of the mobilities from pure ETM and pure HTM to their first neighbor graded layers do not represent a problem, since at those interfaces we have essentially only one charge carrier and everything behaves like in Fig. 4 of Ref. 20 , i.e., with almost no charge accumulation. We show in Fig. 6 a typical example of electron charge density and n ϫ electron charge density as functions of the position in the graded region. Since the electric field is continuous at the interfaces, the discontinuities of the volumetric charge density are then a consequence of the different mobilities. The positive charge density shows a similar behavior.
We have considered the graded region with five layers, since it allows a better comparison between our predictions and the experimental data for the graded device of Ref. 15 . However, we also have investigated the case of graded regions ͑of 50 nm͒ formed by four and six layers of equal thickness. The simulations show that by controlling the concentration profiles, it is possible to reach essentially the same V/J 1/2 minima.
V. CONCLUSION
In this contribution we developed a simple model to analyze the electric properties of graded multilayer OLEDs. It is an analytical method where all the expressions are given in closed form unless for some calculations like inverting equations as Eq. ͑5͒ or obtaining matching conditions as in Eq. ͑8͒, which are done quite easily using numerical methods. The model can be used to find ͑through simulations͒ the parameters that optimize device efficiency. The only requirement is that one needs to know how the electron and hole effective mobilites depend on the blend concentration. In particular, we have discussed the case where those mobilities behave as powers of r, and do not depend too strongly on the electric field. The predictions of the model were tested by comparing them with experimental data for NPB and Alq 3 and we found very good agreement.
Although the present model is already an important step towards the understanding of graded OLEDs, further theoretical and experimental investigation are necessary. 
